Abstract-The modified Watson transform is applied to the Mie series expression of the electromagnetic field scattered by a high frequency plane wave incident on an infinitely long double negative cylinder. The Debye expansion is applied to the Mie series coefficients to obtain a physical insight into the scattering mechanisms and achieve an efficient approach for the computation of the scattered field. The first two terms of the Debye series are computed using the residue series in the geometrical shadow regions and using the steepest descent method in the geometrically lit regions. It is observed that the results obtained from the series and from the modified Watson transform are in good agreement. The angular boundaries for the geometrically lit and the geometrical shadow regions of the double negative cylinder corresponding to the first two terms of the Debye series are determined. These are compared with the corresponding angular boundaries for a double positive cylinder. It is observed that the spatial extent of the geometrical shadow of the double negative cylinder corresponding to the second term of the Debye series is very small compared to that of the double positive cylinder due to the negative refraction in the double negative cylinder when the magnitude of the refractive index n is greater than √ 2.
INTRODUCTION
Double negative or left handed metamaterials are the artificial realizations of the theoretical material presented in the article [1] of Veselago in 1968.
Veselago theoretically examined the properties of a material with a negative permittivity and a negative permeability.
Due to having both negative parameters, these materials are called double negative metamaterials. In the studies made for the realization of the double negative metamaterials, the articles [2] and [3] are often referred. [2] and [3] are the fundamental articles for the SRR and thin-wire realizations of left-handed metamaterials. In [4] [5] [6] , the construction of double negative metamaterials, the numerical and experimental verification of double negativeness and negative refraction are reported. [7, 8] examine the propagation of electromagnetic waves through double negative metamaterials especially in terms of causality using FDTD method. A popular realization of double negative metamaterials which is the L-C loaded transmission line approach is introduced, numerically and experimentally demonstrated in [9] [10] [11] [12] . [13] [14] [15] report experimental and numerical studies about the electromagnetic wave propagation through double negative metamaterials. Double negative metamaterials have also practical applications. Some of them are given in [16] [17] [18] [19] [20] [21] [22] [23] [24] . The scattering of electromagnetic waves from DNG multilayered cylinders are studied in [25] [26] [27] [28] [29] [30] [31] . [32, 33] give a review of the research on double negative metamaterials.
The expression of the scattered field due to a plane wave incident on an infinitely long dielectric cylinder can be obtained via a Mie series expansion. When the diameter of the dielectric cylinder is much larger than the wavelength of the incident plane wave, the Mie series expansion converges slowly. Apart from this slow convergence behavior which increases the computational burden, the Mie series expansion does not provide any physical insight into the scattering mechanisms. These difficulties may be overcome by applying the modified Watson transform with the Debye expansion of the scattering coefficients in the Mie series expansion. Following this approach, the convergence of the Debye terms of the scattered field and the scattered field becomes faster, and it becomes possible to identify certain scattering mechanisms. The first use of the Watson transform is in [35] by Watson. Some other realizations of the Watson transform are given in [36] [37] [38] [39] [40] [41] [42] [43] . The Debye expansion is first introduced and applied by Debye in his work [34] for examining the scattering by a dielectric cylinder. Some applications of the Debye expansion are given in [40] [41] [42] [43] . The Debye expansion along with the modified Watson transform is used in [40] and [41] for analyzing the scattering from infinitely long dielectric cylinders. In all of these works, the dielectric cylinders are double positive, i.e., the permittivity and permeability parameters are positive constants. In [42] , the Debye expansion is applied to calculate the scattering amplitude of a scalar wave from a penetrable sphere. In [43] , the scattering of a scalar plane wave from an impenetrable sphere is analyzed using the modified Watson transform. The approaches used in articles [42] and [43] are employed in this paper to use the modified Watson transform along with Debye expansion for the analysis of scattering from double negative and double positive infinitely long cylinders. Double negative metamaterials are artificially obtained materials with negative permeability and permittivity. Due to the causality requirements, double negative metamaterials have negative refractive indices. The main goal of this paper is to derive and compare the results of scattering from double positive and double negative dielectric cylinders. The outline of the paper is as follows: In the second section, the Mie series expansions of the scattered fields from double positive and double negative infinitely long cylinders are derived. In the third section, the modified Watson transform is applied to the Mie series form of the scattered field. The poles of the modified Watson transform integrand are examined. The need for applying the Debye expansion to the scattering coefficients is indicated. In the fourth section, the Debye expansion is applied to the scattering coefficients. The physical meaning of the Debye expansion is explained. In the fifth and the sixth sections, the physical "ray" pictures for the first two terms of the Debye expansions for the scattered fields from double negative and double positive cylinders are drawn. The geometrical shadow and the geometrically lit regions of the first two terms of the Debye series for the double positive and double negative cylinders are determined. The validity of the physical pictures is proven using the saddle point method and the residue series calculations. Further verification is made comparing the series results for the first two terms of the Debye expansion with the SDM results and the residue series calculations in section seven. The conclusions of this work are presented in the eighth section.
THE MIE SERIES EXPANSION FOR THE SCATTERED FIELD
Assuming a time-harmonic dependence of e −jωt , a plane wave Figure 1 . The problem geometry.
propagates in the negative x direction where
is the free space propagation constant. As shown in Fig. 1 , the center of the cross-section of a dielectric circular cylinder of infinite length is located at the origin. The cylinder radius is a and it is assumed to be much larger than the wavelength of the incident plane wave. The incident plane wave is expressed as a series employing Bessel functions of the first kind as follows:
The scattered field at the field point P (ρ, φ) can be written in terms of a series of Hankel functions of the first kind:
After satisfying the continuity of the tangential electric field intensity and the tangential magnetic field intensity at the surface of the double positive cylinder, the following expression is obtained for c l :
where the positive µ r is the relative permeability of the cylinder, the positive n is the refractive index of the double positive cylinder, and
The convention for f (x 0 ) is given as follows:
The Equation (4) is the Mie series solution for the scattered field.
The scattering coefficients for a double negative cylinder are obtained inserting the following relations into the expression in Equation (5):
The scattering coefficients c l for a double negative infinitely long cylinder with a relative permeability −|µ r | and a refractive index of −|n| are given by the following:
As an illustration of the slow convergence of the Mie series form of the scattered field, the number of terms to be kept in the Mie series for the correct result is shown versus β values in Fig. 2 obtained using Mathematica. It can be observed that the number of terms to be kept in the sum must be at least approximately the integer closest to 2β. The results are for the scattering from a dielectric cylinder of the refractive index 3 and relative permeability 1. The φ coordinate of the field point is π radian and the ρ coordinate is 3(β + β 1 3 ).
THE MODIFIED WATSON TRANSFORM
The modified Watson transform is an approach for obtaining a rapidly converging solution with physical insight into the scattering Figure 2 . The number of terms to be kept in the Mie series versus beta for the convergence of the Mie series.
mechanism. After the application of the modified Watson transform to the Mie series form of the scattered field at the field point P (ρ, −φ) which is the same as the field at the field point P (ρ, φ) due to the symmetry of the problem, the scattered field can be written as follows:
One of the methods to calculate the integral in (11) for the scattered field is to use the Cauchy integral formula. For this method, the poles of the integrand in the upper half of the complex ν-plane must be examined. The integral in Equation (11) consists of two parts. The first part is (12) and the second part is
The poles of the second part are the poles of c ν given by
At this point we introduce some notations taken from [42] for the easy handling of equations with Bessel and Hankel functions:
The poles of c ν are actually the roots of
Using the notations given above, Equation (16) can be written in a compact form:
The roots of Equation (17) can be divided into two groups. One group consists of those which are almost parallel to the real ν-axis. There are an infinite number of these roots. The other group contains those which are almost parallel to the imaginary ν-axis. The poles of the integrand are shown in Fig. 3 . For the calculation of the integral (13), the residues of the integrand at these two groups of poles are computed and summed up. Since the residues at the poles which are almost parallel to the imaginary ν-axis are rapidly decaying exponentials, these poles make a quickly vanishing contribution and provide a quickly converging result. However, the poles which are almost parallel to the real ν-axis cause a difficulty in the computation. The contribution of their residues does not vanish quickly. Hence, the residue series of these poles does not converge rapidly. Due to such a poor convergence property, calculating the integral (13) using the Cauchy integral formula is not an efficient method. The integral (12) is similar to the integral (13) . Hence, in addition to the modified Watson transformation, some more modifications must be made to the modified Watson transform form of the scattered field. These modifications are collected under the title of Debye expansion. 
THE DEBYE EXPANSION
For high frequency applications, the incident plane wave can be modeled to be made up of incident rays. Each ray incident on the dielectric cylinder is reflected and refracted by the cylinder. However, the reflection and refraction occur infinitely many times. Let a ray be followed in this series after it is incident to the surface of the cylinder. Some part of it is reflected and the rest is transmitted into the cylinder by refraction. The reflection of the ray to the outside of the cylinder is called the first term in the series. This reflected part contributes to the scattered field as the first term. The transmitted part of the ray travels in the cylinder and hits the surface from inside. Then, part of it is reflected and part of it is transmitted to the outside. This transmitted part forms the second term in the series and it contributes to the scattered field as the second term in the series. The third term in the series is the part of the ray which is obtained after the first transmission into the cylinder, then reflection from inside the cylinder, and then transmission to the outside of the dielectric cylinder. The mentioned scattering mechanism is pictured in Fig. 4 . The series is built up in this way and converges to the scattered field at the end.
At high frequency, the physical picture in Fig. 4 can be employed for the problem. This physical picture is used for the scattering amplitude calculation due to a penetrable sphere in [42] , for calculation of the scattered wave function of an impenetrable sphere in [43] . A similar mathematical and a physical framework can be constructed for the scattering by a dielectric cylinder. The scattered field is a series of Hankel functions of the first kind scaled by the scattering coefficients c l . The scattering field coefficients take their final forms after the series of reflections and transmissions of cylindrical waves. This implies that the coefficients c l form the mathematical representation of the scattering phenomenon given in Fig. 4 and must contain the overall related mathematical information. The physical picture in Fig. 4 is mathematically expressed in [42] by decomposing a quantity called Sfunction into a series of reflection and transmission terms shown in Fig. 4 . Depending on this information and the fact that the scattering coefficients c l must contain the overall information about Fig. 4 , it is concluded that c l must be able to be written in terms of the S-function which is denoted as x l in this analysis and given in Equation (18) . By expressing c l in terms of x l , c l is decomposed into the mathematical building blocks of the whole physical picture and the Debye expansion is carried out.
Since the scattering object is a cylinder, using the cylindrical coordinates and expressing each ray in terms of cylindrical functions is the most appropriate choice. Each incident ray can be written as a series of a linear combination of Hankel functions of first and second kinds. These linear combinations of Hankel functions are reflected and transmitted in an infinite sequence to obtain the scattered field. The reflection and transmission coefficients in x l are defined considering the just mentioned scattering mechanism. x l is defined as follows:
where
In Equation (18), R 11 (l, β) is the reflection coefficient for the cylindrical wave which is denoted by the Hankel function of the first kind and is incident from inside of the cylinder to the surface. R 22 (l, β) is the reflection coefficient for the cylindrical wave which is denoted by the Hankel function of the second kind and is incident from outside of the cylinder to the surface. T 12 (l, β) is the transmission coefficient for the cylindrical wave which is denoted by the Hankel function of the first kind and is incident from inside of the cylinder to the surface. T 21 (l, β) is the transmission coefficient for the cylindrical wave which is denoted by the Hankel function of the second kind and is incident from outside of the cylinder to the surface. The mathematical expressions for these coefficients are as follows:
The first part of x l which is given by
corresponds to the rays which are reflected by the cylinder. The rest of it given by (22) corresponds to the rays which are first transmitted into the cylinder, make p − 1 number of reflections and are transmitted to the outside of the cylinder after these p − 1 reflections. The scattering coefficients c l can be written in terms of x l as follows:
After writing c ν in terms of x ν in Equation (11), the following expression for the scattered field is obtained:
By writing c ν in terms of x ν , the expansion called the Debye expansion is applied to c ν . Through the use of the Debye expansion, the physical mechanism in the scattering is revealed. In addition, the calculation of the integral in (24) using the residue calculus is now preferable and the resulting residue series converges very quickly in the appropriate field region. The reason of the rapid convergence is due to the new denominator of the integrands in (24) . The new equation to be solved to find the poles is Figure 5 . The roots of Equation (25) .
Equation (25) is the counterpart of Equation (17) . The roots of these equation (i.e., the poles of the integrand) are complex numbers which are almost parallel to the imaginary ν-axis. Now, there are no poles which are almost parallel to the real ν-axis. Hence, the residue series is now quickly convergent. The new poles are shown in Fig. 5 .
THE FIRST TERM OF THE DEBYE EXPANSION
The contribution of the first term of the Debye expansion to the scattered field is obtained by inserting the expression in (21) with the subscript changed to ν into the place of x ν in the scattered field integral in (24):
The integral in (26) is to be calculated using the Cauchy integral formula. For applying the Cauchy integral formula, the integrand of the integral must vanish as |ν| → ∞ in the upper half of the complex ν-plane. The current form of the integrand is not suitable for applying the Cauchy integral formula. After addition and subtraction of some appropriate terms, the following integral is obtained:
The decomposition of the integral in (27) into the integrals of I 1 and I 2 is possible only if each of the integrals of I 1 and I 2 are convergent.
The residue series representation of the integral of I 1 in (27) is given by the following
| ν=νq (30) where ν = ν q are the poles of the integrand I 1 . The expression in (30) is for a double positive infinitely long cylinder. The convergence of the residue series in (30) depends on the exponential term. In order to obtain a good approximation to the residue series convergence region which is in agreement with the physical insight to the problem, the Debye asymptotic expansion of H (1) ν (k 0 ρ) is employed in the residue series. The Debye asymptotic expansion taken from the Appendix A of [43] is given by
with the following expansion conditions
After the insertion of the asymptotic expansion to the residue series in (30) , the overall exponential term in the residue series becomes the following
Due to the exponential dependence of the residue series on the poles, as the imaginary part of the poles increases, the residue series terms exponentially decay to zero. Hence, the poles far away from the real axis have a negligible effect. Then, the poles of the integrand can be approximated by β. Substituting this approximation into (33), the range of φ for the convergence of the residue series is obtained as follows:
The first part of the information given in (34) for m = 0 restricts φ to the region called the geometrical shadow region of the dielectric cylinder. The geometrical shadow region of the dielectric cylinder is shown in Fig. 6 . The following definition is made for φ 0 : Figure 6 . The geometrical shadow region of the double positive cylinder corresponding to the first term of the Debye series.
For m > 0, the range of φ covers the whole dielectric cylinder. Hence, the convergence region of the residue series is the geometrical shadow of the dielectric cylinder. The equality in (30) is valid in the geometrical shadow region of the cylinder for the high frequency scattering. If the infinitely long cylinder is double negative, then the refractive index, the relative permeability and the relative permittivity of the cylinder will be negative. The field in the geometrical shadow region of the double negative cylinder will be given by
(1)
| ν=νq (36) The exponential dependences of the residue series in (36) and the residue series in (30) are analogous to each other. Hence, the convergence region of the residue series in (36) and the one in (30) are identical. The geometrical shadow regions corresponding to the first term of the Debye series for the double positive and double negative cylinders are the same. The residue series representations in (30) and (36) are valid in the geometrical shadow region. Outside the geometrical shadow region, for m = 0, the residue series does not converge because the scattered field is not formed by the creeping waves on the surface of the dielectric cylinder. The geometrically lit region is one of the regions where the residue series does not converge for m = 0. In the geometrically lit region, the scattered field for m = 0 is due to the rays reflected by the dielectric cylinder. The steepest descent method (SDM) representation of the scattering integral is useful for obtaining the field due to reflected or transmitted rays. Hence, the scattered field in this region can be calculated by the SDM.
The integral to be computed in the geometrically lit region is given as follows
The integral in (37) is the term corresponding to m = 0 in the integral series in the first part of Equation (30) . First, it is assumed that the integral in (37) can be separated into two parts. This separation is possible only if each of the parts is a convergent integral. The integral is separated in the following way:
In order to compute the first integral in (38) , the Debye asymptotic expansion of the integrand must be found. The asymptotic expansion is made to convert the integrand to a form which is suitable for the ray interpretation.
The first integral in (38) is also separated into two parts assuming that each of them is convergent. The separation is as follows:
After the Debye asymptotic form of the integrand of the first integral in (39) is obtained and the first derivative of the exponential part of the integrand is taken, the following equation is found for the saddle pointν:
2 cos
In order to solve the equation in (40), the following definitions are employed:ν = β sin(w)
The solution of Equation (40) is given as
Letting
matches the physical picture in Fig. 7 with the relation in (42) . In a similar way, it can be shown in terms of the exponential dependence that the second integral in (39) denotes the field at the point F (ρ, −φ) due to the ray which is incident on the point P (a, −θ) and is reflected by the cylinder to the field point F (ρ, −φ). The geometrically lit region of the double negative cylinder corresponding to the first term of the Debye series is the same as that of the double positive cylinder. In the double negative cylinder case, the same physical interpretation is valid for the geometrically lit region corresponding to the first term of the Debye series.
THE SECOND TERM OF THE DEBYE EXPANSION
The contribution of the second term of the Debye expansion to the scattered field is obtained by inserting the expression in (22) with p being equal to 1 and with the subscript changed to ν into the place of x ν in the scattered field integral in (24) . After some operations on the integrand and setting m to 0, the following expression is obtained for the contribution of the second term of the Debye expansion to the scattered field:
The integral is separated into two parts with the assumption that each of the two parts is convergent. This assumption is automatically verified when the integrals are calculated. The second term of the Debye expansion represents the scattered field due to the rays which are transmitted into the cylinder and then transmitted out of the cylinder to form the scattered field at the field point. These rays also have their own geometrically lit and geometrical shadow regions. The geometrically lit region of the double positive cylinder for the ρ coordinate of ρ 0 , n > √ 2 and corresponding to the second term of the Debye series is the shaded region shown in Fig. 8 .
The scattered field due to the second term of the Debye series is expressed as follows when the integral in (44) is calculated using the Cauchy integral formula: where
If Equation (45) is explicitly written, then it can be seen that 
can be fixed as a common factor. In order to determine the convergence region of the residue series and relate it to the physical picture of the surface waves creeping on the cylinder from the geometrically lit region to the geometrical shadow region, the Debye asymptotic expansion is applied to the Hankel functions in the common factor. Then, the common factor takes the following form with only the exponential terms shown:
Since the poles are close to β, they can be approximated to be equal to β in the first exponential factor in (48). In addition, the following equality and the definitions
are used in Equation (48) to obtain the common factor in the following form:
For the convergence of the residue series, the exponentials in the expression (50) must converge. Keeping in mind that the imaginary parts of the poles are positive, convergence is possible only if the following conditions are both satisfied:
The satisfaction of both of the conditions requires the following range of convergence of the residue series:
If Fig. 8 is revisited, it can be seen that the above range is the geometrical shadow of the double positive cylinder for the second term of the Debye series. The counterpart of the integral in Equation (45) for the double negative cylinder is given as follows:
After the residue series is written explicitly, it can be seen that the following expression can be fixed as a common factor:
The Debye asymptotic expansion is applied to the common factor to determine the convergence region of the residue series in a more detailed manner. The exponential part of the Debye asymptotic expansion of the common factor is given as follows:
The poles in Equation (53) are close to β. Hence, the poles are approximated by β in the first factor in Equation (56). The definitions in (49) with n replaced with |n| are made to write the common factor in the following more compact form:
Since the poles are in the upper half of the complex ν-plane, the common factor converges provided the following conditions are satisfied:
The satisfaction of both of the conditions in Equation (58) requires the following range of φ for the convergence of the residue series: Figure 9 . The geometrical shadow region of the double negative cylinder corresponding to the second term of the Debye series is the shaded region for |n| > √ 2.
In Fig. 9 , the geometrical shadow region of the double negative cylinder corresponding to the second term of the Debye series is shown. When the geometrical shadow region of the double negative cylinder corresponding to the second term of the Debye series is compared to that of the double positive cylinder corresponding to the second term of the Debye series for |n| > √ 2, it can be observed that the double negative cylinder has a quite smaller geometric shadow region. For 1 < |n| < √ 2, the double positive cylinder has a quite smaller geometrical shadow region corresponding to the second term of the Debye series.
It is now time to analyze the geometrically lit region of the double positive cylinder corresponding to the second term of the Debye series. After the Debye asymptotic expansion of the second integrand in (44) is carried out and the derivative of the exponential part with respect to ν is evaluated, the following steepest descent equation for the saddle point is obtained:
The following change of variable is performed: Then, the steepest descent equation takes the following form:
In order to establish the relation between the steepest descent equation and the physical picture for the second term of the Debye expansion, the expected physical picture is first drawn in Fig. 10 and the mathematical expression for it is derived. Then, it will be observed that the steepest descent equation and the derived mathematical expression are the same. From Fig. 10 , the following equation can be derived:
The following substitutions are to be made in Equation (63):
Then, Equation (63) takes the following form:
If Equations (62) and (65) are compared, it can easily be seen that they become identical if the following equation is written for w:
Using the first part of Equation (64), Equation (66) can be written as follows:
Equation (67) gives the solution for the saddle point equation in order to match the steepest descent equation to the physical picture. For the geometrically lit region corresponding to the second term of the Debye series in the case of the double negative cylinder, the differences in the calculations arise from the negativity of the refractive index which shows itself in the following relation:
The Debye asymptotic approximation is applied to the integrand of the second integral in (44) . In applying the Debye asymptotic approximation to the Hankel functions with the argument α, the following analytical continuity relations are used from [44] :
After the application of the Debye asymptotic approximation with the analytical continuity relations, the first derivative of the exponent of the integrand with respect to ν is taken and the resulting expression is equated to zero to find the possible saddle pointν as follows:
The physical picture for the double negative cylinder is the same as the double positive medium except the negative refraction in the case of the double negative cylinder. The physical picture for the case of the double negative cylinder is shown in Fig. 11 . From Fig. 11 , the following relation can be derived:
The following definition and relation are used to match the equation in (70) to the one in (71):
Q(a,-2 ) P(a, 1 ) Figure 11 . The physical picture in the geometrically lit region of the double negative cylinder corresponding to the second term of the Debye series.ν = β cos w
Equation (70) and Equation (71) become identical when the solution for the saddle point is written as follows:
NUMERICAL RESULTS
In this section, the series results which are computed using Mathematica and correspond to the first and second terms of the Debye series expansions of the scattered field are compared with the same series results obtained using the residue series and the steepest descent method. The calculations are made for the geometrical shadow and the geometrically lit regions of the first and second terms of the Debye series for the scattering by the infinitely long double negative cylinder. Our main concern is to provide a comparison between some analytical (or semi-analytical) results obtained by means of different approaches. In order to be able to compare these approaches properly, we prefer to present our results (which are very close to each other in several cases) in tables, rather than in graphical form. Throughout the tabulation of the results, the following definition is used for the percentage errors in the results:
percentage error in the result |result −Debye series result| Debye series result × 100 (74) The contribution of the first term of the Debye series to the field in the geometrical shadow of the double negative cylinder corresponding to the first term of the Debye series is denoted by the following series expression:
The series in the expression (75) is computed using Mathematica. The integral corresponding to the series in (75) is calculated using the residue series. In the calculation of the residue series, only three terms of the series corresponding to first three poles of the integrand are used to obtain the results shown in the tables. The computational advantage is obvious. The residue series results are obtained without using the Debye expansion for H (1) ν (k 0 ρ) in the residue series. The following parameters are used in the calculations:
The tabulation of the results are given in the Tables 1-3 .
The contribution of the second term of the Debye series to the corresponding geometrical shadow region of the double negative cylinder is represented by the following series:
The series is computed in the geometrical shadow region corresponding to the second term of the Debye series using Mathematica and is compared to the residue series result. The residue series computation is carried out by using only three terms of the series corresponding to first three poles of the integrand of the integral calculated by the residue series. The Debye approximation is not employed in the residue series computations. Since the geometrical shadow region of the second term of the Debye series for the double negative cylinder is very small compared to that of the double positive cylinder for |n| > √ 2, the tabulation parameters are chosen as follows:
The tabulation of the results are given in the Tables 4-5 .
The contribution of the first term of the Debye series to the corresponding geometrically lit region of the double negative cylinder is denoted by the following series expression:
The integral corresponding to the series is calculated using the steepest descent method. However, only the upper half of the steepest descent path is traversed since the integrand blows up in the lower half of the ν-plane. This causes a factor of 1 2 to be put in front of the steepest Table 5 . The residue series results of the double negative cylinder for n = −5, geometrical shadow region of the second term of the Debye series. Table 6 . The series results of the double negative cylinder with respect to n, the geometrically lit region of the first term of the Debye series. Table 7 . The SDM results for the double negative cylinder with respect to n, the geometrically lit region of the first term of the Debye series. 
The tabulation of the results are given in Tables 6-8 . Table 9 . The series results of the double negative cylinder with respect to n, the geometrically lit region of the second term of the Debye series. The contribution of the second term of the Debye series to the corresponding geometrically lit region of the double negative cylinder is calculated both by using the series expression and by the saddle point method (SDM). The computed series is given by the following expression:
l (β)H The integral corresponding to the series is calculated using the SDM. The integrand of the integral does not vanish as |ν| → ∞ in the lower half of the plane. Hence, only the upper part of the steepest descent path contributes to the integral. This causes a 1 2 factor to be put in front of the SDM result of the integral. The following parameters are Table 10 . The SDM results of the double negative cylinder with respect to n, the geometrically lit region of the second term of the Debye series. Table 11 . The percentage errors in the magnitudes of the SDM results of the double negative cylinder with respect to n, the geometrically lit region of the second term of the Debye series. The tabulations are given in Tables 9-11 .
CONCLUSION
The modified Watson transform with the Debye expansion is a very powerful method to obtain a rapidly converging solution to the high frequency plane wave scattering by an infinitely long dielectric cylinder and to develop a physical insight related to the scattering mechanism.
The geometrical shadow and the geometrically lit regions of the double positive and double negative cylinders corresponding to the first two terms of the Debye expansions are compared with each other. It is observed that the geometrically lit and geometrical shadow regions of the first term do not differ. However, the geometrically lit and geometrically shadow regions of the second term differ very much from each other. In the case of the double negative cylinder, for the refractive indices with magnitudes greater than √ 2, the geometrical shadow region of the second term of the Debye series is quite smaller compared to that of the double positive cylinder. Numerical simulations show that the physical insight to the scattering mechanism provided by the Debye expansion is very accurate. In addition, they are inconformity with the observations that a double negative material is a negative refractive index material and at the surface of the double negative cylinder, negative refraction occurs.
